Recent studies have documented that Janus-activated kinase (JAK)-signal transducer and activator of transcription (STAT) pathway can modulate the apoptotic program in a myocardial ischemia/reperfusion (I/R) model. To date, however, limited studies have examined the role of JAK3 on myocardial I/R injury. Here, we investigated the potential effects of pharmacological JAK3 inhibition with JANEX-1 in a myocardial I/R model. Mice were subjected to 45 min of ischemia followed by varying periods of reperfusion. JANEX-1 was injected 1 h before ischemia by intraperitoneal injection. Treatment with JANEX-1 significantly decreased plasma creatine kinase and lactate dehydrogenase activities, reduced infarct size, reversed I/R-induced functional deterioration of the myocardium and reduced myocardial apoptosis. Histological analysis revealed an increase in neutrophil and macrophage infiltration within the infarcted area, which was markedly reduced by JANEX-1 treatment. In parallel, in in vitro studies where neutrophils and macrophages were treated with JANEX-1 or isolated from JAK3 knockout mice, there was an impairment in the migration potential toward interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1), respectively. Of note, however, JANEX-1 did not affect the expression of IL-8 and MCP-1 in the myocardium. The pharmacological inhibition of JAK3 might represent an effective approach to reduce inflammation-mediated apoptotic damage initiated by myocardial I/R injury.
INTRODUCTION
Myocardial ischemia/reperfusion (I/R) injury is currently the leading cause of death worldwide. 1 A number of mechanisms have been postulated to contribute to the myocardial damage caused by I/R injury such as ion accumulation, dissipation of mitochondrial membrane potential, free radical formation, nitric oxide metabolism, apoptosis and autophagy, endothelial dysfunction and immune activation. 2 However, the understanding of I/R injury is still far from complete.
Experimental studies performed in animal models of myocardial infarction have shown that infiltrated inflammatory cells play a key role in the extension of myocardial tissue injury and lead to adverse effects during recovery. 3, 4 Although crucial to healing, the infiltration of macrophage and neutrophil results in tissue injury beyond that caused by ischemia alone. Macrophages secrete cytokines that promote tissue damage and recruit neutrophils. 5 Neutrophil infiltration into ischemic tissue increases tissue necrosis by releasing reactive oxygen species and proteolytic enzymes and expand the infarct area. 6 Over the past two decades, various reports have highlighted the role of Janus-activated kinase (JAK)-signal transducer and activator of transcription (STAT) pathway in the pathophysiology of myocardial I/R injury. 7, 8 There are four identified mammalian JAK family members: JAK1, JAK2, JAK3 and TYK2. Unlike other JAKs that are ubiquitously expressed and associated with a great variety of cytokine receptors, JAK3 is preferentially expressed in thymocytes and hematopoietic cells and is induced by cytokine receptors that contain the g c chain. 9, 10 For this reason, genetic absence or ablation of JAK3 is associated with defective T-cell immunity that results in severe combined immunodeficiency. 11 Furthermore, pharmacological inhibition of JAK3 has been shown to prolong allograft survival in murine model of heart transplantation. 12 In this regard, selective JAK3 inhibitors have been used to treat various kinds of inflammatory and autoimmune diseases such as arthritis, 13 psoriasis 14 and type 1 diabetes. 15, 16 Until now, a number of studies have focused on the roles of JAK1 or JAK2 during I/R injury. Activation of JAK-mediated STAT3 appears to be protective in ex vivo as well as in vivo models of I/R injury. 17, 18 To date, however, limited studies have examined the role of JAK3 on myocardial I/R injury. Therefore, in the present study, we used JANEX-1, a selective JAK3 inhibitor, to identify a role for JAK3 in the biology of myocardial I/R injury. Our results demonstrated that treatment of JANEX-1 protects against I/R injury in the mouse myocardium through suppression of inflammatory cell infiltration. More importantly, we found that the activation of JAK3 is required for the migration of neutrophils and macrophages to the infarcted heart.
MATERIALS AND METHODS Animals
Pathogen-free 8-week-old male JAK3 À/ À (129S4-Jak3 tm1Ljb ) and C57BL/6 J mice were purchased from Jackson Lab (Bar Harbor, ME, USA), housed in a laminar flow cabinet and maintained on standard laboratory chow ad libitum.
Model of I/R injury
Mice were anesthetized with ketamine (100 mg kg À1 ) and xylazine (10 mg kg À1 ) by intraperitoneal injection. Adequate anesthesia was monitored by the regular respiration and the absence of a toe-pinch reflex. Then, the mice were endotracheally intubated and connected to a respirator (Biological Research Apparatus, Varese, Italy) for mechanical ventilation at a rate adjusted to maintain normal blood gases. A median sternotomy was performed, and left coronary artery was ligated using a 7-0 silk suture. Mice were subjected to 45 min of left coronary artery ischemia followed by varying periods of reperfusion (Supplementary Figure S1) . Ischemia was confirmed by discoloration of the ventricle. Once the skin was sutured back together, an intramuscular injection of buprenorphine (0.01 mg kg À1 ) was provided for analgesia and the animal was allowed to recover. Sham mice underwent the same operation but without vascular occlusion. All experiments involving animals conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 2011). Our animal protocol was approved by the institutional animal care and use committee of Chonbuk National University.
Drug treatment
JANEX-1 (4-(4 0 -hydroxyphenyl)-amino-6,7-dimethoxyquiazoline), also known as WHI-P131, was purchased from Calbiochem (San Diego, CA, USA). JANEX-1 was dissolved in 10% dimethyl sulfoxide and further diluted 1:100 with phosphate-buffered saline. Mice were treated with JANEX-1 at a dose of 20 mg kg À1 (intraperitoneally) at 1 h before ischemia.
Serum sample assays
Serum lactate dehydrogenase (LDH) and creatine phosphokinase (CPK) levels were measured using a commercial kit from Asan Pharm (Seoul, Korea). Tumor necrosis factor-a (TNF-a) was measured using specific enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen, Carlsbad, CA, USA).
Area at risk (AAR) and infarct size (I) assessment
For infarct size measurements, the coronary artery was reoccluded at the end of the reperfusion period, and 2% Evan's blue dye (Sigma, St Louis, MO, USA) was perfused to delineate the AAR. The heart was rapidly excised and rinsed in 0.9% NaCl. After the removal of connective tissue, the heart was frozen and sectioned into 2-mm transverse sections from apex to base (5 to 6 slices/heart). Following defrosting, the slices were incubated at 37 1C with 1% triphenyltetrazolium chloride in phosphate buffer (pH 7.4) for 15 min, fixed in 10% formaldehyde solution and photographed with a digital camera to clearly distinguish red-stained viable tissue and unstained necrotic tissue. The different zones were determined using MetaMorph software (version 6.0, Universal Imaging Corporation, Downingtown, PA, USA). AAR and left ventricular (LV) infarct zone (I) were expressed as the percentage of ventricle surface (AAR/V) and AAR (I/AAR), respectively.
Echocardiographic assessment of LV structure and function
Baseline echocardiography images were obtained 1 week before left coronary artery ischemia to avoid any confounding effects of anesthesia. The LV dimensions were assessed by echocardiography using a GE Vivid 4 ultrasound machine (GE Medical Systems, Waukesha, WI, USA) equipped with a 11-MHz phase array linear transducer. M-mode images were used to measure ejection fraction (EF), LV end-diastolic diameter (LVEDD), LV end-diastolic volume (LVEDV), LV end-systolic diameter (LVESD), LV end-systolic volume (LVESV) and fractional shortening (FS). Ejection fraction and FS were estimated using the following equations:
Histopathologic study
Heart tissues were fixed with 10% formalin, embedded in paraffin, sectioned at 6 mm, and stained with hematoxylin and eosin. Terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining was performed using a commercial kit (R&D Systems, Minneapolis, MN, USA). To investigate the inflammatory cell infiltration after I/R injury, sections were stained with F4/80 (Abcam, Cambridge, MA, USA) and naphthol AS-D chloroacetate esterase kit (Sigma), which are used to stain macrophage and neutrophil infiltration, respectively. Histopathologic assessment of inflammation was carried out using a 3-point scoring system as follows: 0, no infiltration; 1, mild infiltration; 2, moderate infiltration; and 3, severe infiltration of inflammatory cells.
Myeloperoxidase assay
Myeloperoxidase, an enzyme predominantly stored in azurophilic neutrophil granules, was used to quantify neutrophil infiltration in the heart. 19 
RNA isolation and real-time reverse transcriptase-PCR (RT-PCR)
Total RNA was extracted from the left ventricle of each heart using Trizol reagent (Invitrogen). RNA was precipitated with isopropanol and dissolved in diethylpyrocarbonate-treated distilled water. Total RNA (2 mg) was treated with RNase-free DNase (Invitrogen), and first-strand complementary DNA was generated using the random hexamer primer provided in the first-strand complementary DNA synthesis kit (Applied Biosystems, Foster City, CA, USA). Specific primers for each gene (Table 1) were designed using primer express software (Applied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an invariant control. The real-time RT-PCR reaction mixture consisted of 10 ng reverse transcribed RNA, 200 nM forward and reverse primers, and 2 Â PCR master mixture in a final volume of 10 ml. The PCR reaction was carried out in 384-well plates using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems).
Western blot analysis
The homogenates, which contained 20 mg of protein, were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 15% (for Bax, Bcl-2, caspase-3 and caspase-9) or 10% (for b-actin) resolving and 3% acrylamide stacking gels, and transferred to nitrocellulose sheets. The blot was probed with 1 mg ml À1 of primary antibodies for Bcl-2, caspase-3, caspase-9 and b-actin (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), and Bax (Cell Signaling, Beverly, MA, USA). Horseradish peroxidase-conjugated IgG (Zymed, South San Francisco, CA, USA) was used as a secondary antibody.
Isolation of neutrophils and macrophages
Peritoneal macrophages were obtained by injecting mice (intraperitoneally) with 10% Brewer's yeast thioglycollate (Sigma). After 3 days, the peritoneal cavity was washed with ice-cold phosphatebuffered saline, and the macrophages were collected. The purity of macrophages was evaluated using anti-F4/80 antibodies (Ebioscience, San Diego, CA, USA). Neutrophils in bone marrow were negatively isolated using Mouse Neutrophil Enrichment Kit (StemCell Technologies, Vancouver, BC, Canada) according to the manufacturer's instructions. Purity of neutrophils was evaluated using anti-CD11b, anti-Gr-1 and anti-F4/ 80 antibodies (Ebioscience) conjugated with PerCP, PE and APC, respectively.
In vitro migration assay
Cell migration was measured using transwell inserts with polycarbonate filter (8 mm for macrophages or 3 mm pores for neutrophils) preloaded in 24-well tissue culture plates. Cells were preincubated with vehicle (0.01% dimethyl sulfoxide) or JANEX-1 for 2 h at 37 1C. Then, 10 6 cells were placed in the upper chamber of the transwell insert and the lower compartment was loaded with medium containing human interleukin-8 (IL-8) or mouse monocyte chemoattractant protein-1 (MCP-1; R&D Systems). After 2 h, the number of migrated cells was counted using a hemocytometer. A chemotaxis index (CI ¼ number of cells migrating toward chemokine containing media/ number of cells migrating toward control media) was calculated.
Statistical analysis
Statistical analysis of the data was performed using analysis of variance and Duncan's test. Differences were considered statistically significant at Po0.05.
RESULTS

JAK3 suppression reduces myocardial I/R injury in mice
After 45 min of ischemia, varying periods of reperfusion injury were given to mice and myocardial injury was evaluated (Supplementary Figure S1) . Serum levels of CPK and LDH were significantly increased in mice subjected to I/R injury compared with sham-operated mice (Figure 1a) . JANEX-1 was administered at doses ranging from 5 to 100 mg kg À1 . Evaluation of CPK activity revealed a dose-response curve with an effective dose 50 (ED 50 ) value of 7.44 mg kg À1 (Supplementary Figure S2) . Mice receiving JANEX-1 displayed significantly reduced CPK and LDH levels. In addition, the infarct size of JANEX-1-treated mice (30.16±2.79%) was significantly decreased when compared with I/R-operated mice (65.64 ± 3.76%; Figures 1b and c) .
When experiments were repeated with JAK3 knockout (KO) mice, overall results were the same with those of JANEX-1 treatment. Less CPK and LDH levels were detected ( Figure 1a ) and infarct size was significantly reduced in JAK3 KO mice (Figures 1b and c) , suggesting JAK3 selective effects of JANEX-1 against I/R injury.
JAK3 suppression maintains myocardial function after I/R injury in mice Cardiac function after reperfusion was evaluated as the percentage change of the values obtained before I/R injury. Echocardiographic observation revealed that I/R-operated mice showed functional deterioration, that is, decrease in ejection fraction, increase in the LV diameters and volumes and decrease in fractional shortening, compared with shamoperated mice (Figure 2) . Interestingly, these parameters were restored to near the levels of sham group in mice treated with JANEX-1. JAK3 suppression limits apoptosis after I/R injury in mice As JAK3 suppression reduced infarct size and increased myocardial function, we next examined whether JAK3 suppression protects the myocardium against apoptosis. The incidence of TUNEL-positive cells was analyzed using TUNEL-labeled sections obtained from the LV of I/R-operated mice. Representative TUNEL-stained sections demonstrated relatively fewer apoptotic cells in the JANEX-1-treated heart (Figure 3a) . The mean number of TUNEL-positive cells observed in I/R-operated mice was almost 40 times higher than that of sham-operated mice (21.6 ± 2.31% vs 0.5 ± 0.26%, Po0.01). TUNEL-positive cells were significantly reduced (8.5 ± 1.0%, Po0.01) in JANEX-1 treated mice compared with I/R-operated mice (Figure 3b ). The expression levels of apoptosis-related proteins were examined by western blot analysis (Figure 3c ). Compared with the sham group, Bax, caspase-3 and caspase-9 expressions were increased in the I/R heart tissue. These protein patterns were not observed in the JANEX-1-treated hearts.
JAK3 suppression inhibits neutrophil and macrophage infiltration in infarcted hearts
As accumulation of inflammatory cells after I/R injury plays an important role in the apoptotic cell death of cardiomyocyte, we next observed the effects of JANEX-1 on inflammatory cell infiltration. Hematoxylin and eosin staining showed marked infiltration of macrophages and moderate infiltration of neutrophils in the I/R-operated mice (Figures 4a and b) . Consistent with a decrease in apoptotic cell death, JANEX-1-treated mice also had less infiltration of inflammatory cells. Macrophage and neutrophil infiltration was further confirmed by staining with specific markers and assaying myeloperoxidase activity (Supplementary Figure S3) . These results suggest that suppressed infiltration of inflammatory cells in JANEX-1-treated mice may contribute to cardioprotection after reperfusion.
Real-time RT-PCR analysis for intercellular adhesion molecule-1 was performed. Compared with the sham group, I/R injury induced 151% increase in intercellular adhesion molecule-1 (Figure 4c ). The levels of chemotactic cytokines for the recruitment of macrophages (MCP-1) and neutrophils (IL-8) were also compared. MCP-1 and IL-8 levels in I/R-injured mice were significantly higher than those in the sham group (Figure 4c) . However, JANEX-1 treatment did not affect the expressions of IL-8 and MCP-1.
It is well known that TNF-a plays a key role in the pathogenesis of myocardial I/R injury. After I/R injury, TNFa levels were therefore measured in the serum and myocardium by ELISA and real-time RT-PCR, respectively. Compared with I/R-operated mice, a significant decrease in TNF-a level was observed in the serum and myocardium of JANEX-1-treated mice (Supplementary Figure S4) .
JAK3 suppression attenuates migrating potential of neutrophils and macrophages
To define the molecular mechanisms underlying JANEX-1-mediated inhibition of neutrophil and macrophage infiltration within the infarcted hearts, we isolated neutrophils and macrophages from mice and performed migration assay. Treatment of neutrophils with JANEX-1 inhibited the migration of these cells toward IL-8 in a concentration-dependent manner (Figure 5a) . Similarly, macrophage migration toward MCP-1 was also effectively inhibited by JANEX-1 (Figure 5b ). Neutrophils and macrophages isolated from JAK3 KO mice also showed decreased migration potential as compared with those cells isolated from normal mice (Figures 5c and d) . These results suggest that in vivo JANEX-1-mediated inhibition of neutrophil and macrophage infiltration within the infarcted hearts was due to impaired migration potential of these cells. 
DISCUSSION
This study was designed to elucidate the potential effects of JAK3 suppression on myocardial I/R injury. We found that pharmacological JAK3 inhibition conferred cardioprotection against I/R injury by decreasing the activities of the cardiomyocyte marker enzymes CPK and LDH, reducing infarct size, reversing I/R-induced myocardial dysfunction, decreasing the number of apoptotic cardiomyocytes and inhibiting neutrophil and macrophage infiltration into the infarcted myocardium.
Cardiomyocytes undergo apoptosis in response to I/R injury. Inhibition of apoptosis is critical to avoid heart failure. Indeed, a number of drugs having cardioprotective effects, and a process called ischemic preconditioning inhibits apoptosis. Interestingly, STAT activation has been paradoxically implicated in both pro-and anti-apoptotic signaling. Studies with genetic deletion or pharmacological activation of STAT3 suggest that STAT3 activation reduces apoptotic cell death of cardiomyocytes and attenuates structural and functional abnormalities. [20] [21] [22] STAT3 potentiates anti-apoptotic signals through the induction of antiapoptotic Bcl-2 or through the suppression of proapoptotic caspase genes. 23 In contrast to STAT3, the related STAT1 transcription factor enhances apoptotic cell death in cardiomyocytes and limits the recovery of contractile function following I/R injury. 24, 25 In this study, we demonstrated that pharmacological inhibition of JAK3 imparted cardioprotection to I/R injury. This cardioprotection was evidenced by suppression of proapoptotic caspases and Bax expression and by decrease of TUNEL-positive apoptotic cells. Because mitochondria are not only the site of energy production but also central locus in the initiation of apoptotic events, the involvement of caspase-3 suggests that mitochondrial apoptotic pathways are being influenced by JANEX-1 treatment during I/R. These results are consistent with earlier reports that have linked cardioprotection with reduced apoptosis after I/R. 18, [20] [21] [22] 26 Considering that JAK3 is not expressed in heart tissue but in lymphoid and hematopoietic organs, 9,10 the cardioprotective effect of JANEX-1 may be mediated via a systemic action rather than direct inhibition of myocardial JAK3. Given the essential role of infiltrated inflammatory cells into the injured myocardium for apoptotic cell death, 6, 27 we next examined whether the molecular machinery of cardioprotection by JAK3 suppression is associated with suppressed infiltration of inflammatory cells.
Reperfusion is followed by rapid cellular infiltration of neutrophil and macrophage and by the release of several proinflammatory cytokines that orchestrate inflammation and apoptosis. 6, 28 A number of studies have reported an increased expression of proinflammatory cytokines such as TNF-a, IL-1b and interferon-g after reperfusion. 29, 30 With respect to apoptosis, TNF-a has a special interest because it is the prototype ligand for the receptor-mediated apoptotic pathway. 31 For this reason, strategies interfering with neutrophil and macrophage infiltration or the generation of cytokines attenuate and even prevent reperfusion injury. [32] [33] [34] Indeed, neutrophils are the predominant cells accumulating in the myocardium within the first hour after reperfusion, and also the major source of the reactive oxygen species and proteolytic enzymes. 35 Macrophages are the prevalent cells of the inflammatory infiltrates in the late reperfusion, thus contributing to healing and remodeling mechanisms after acute myocardial infarction. 36 Some evidence, however, suggest that macrophages are responsible for the pathogenetic changes that follow I/R. In fact, plasma levels of MCP-1 are elevated in patients with acute myocardial infarction, 37 and neutralization of this chemokine prevents reperfusion injury. 34 Moreover, targeted deletion of the CC chemokine receptor-2 (CCR2), a receptor for MCP-1, suppresses macrophage infiltration into the ischemic myocardium and reduces infarct size via inhibition of oxidative stress and matrix metalloproteinase activity. 38 In agreement with these reports, I/R injury induced a marked infiltration of macrophages and a moderate infiltration of neutrophils in the infarcted myocardium after 24 h of reperfusion. However, treatment of JANEX-1 significantly reduced the infiltration of those cells. These results are consistent with the findings of Henkels et al., 39 who reported that the flavonoid apigenin drastically inhibited JAK3 phosphorylation activity and migration of inflammatory cells. Taken together, these findings suggest potential beneficial effects of JAK3 inhibition on myocardial I/R injury via inhibition of macrophage and neutrophil infiltration.
Chemokines (for example, IL-8 and MCP-1) mediate the infiltration of macrophage and neutrophil into ischemic myocardium. IL-8 is markedly induced in the reperfused myocardium after 1 h of reperfusion and persists at high levels beyond 24 h. 40 In addition, recombinant IL-8 facilitates the adhesion of neutrophils to cardiomyocytes. 40 Meanwhile, MCP-1 is rapidly upregulated in the ischemic myocardium and attracts macrophages. 41 In this study, we found that the expressions of IL-8 and MCP-1 mRNAs were significantly increased after reperfusion, and the levels of these mRNAs were not affected by JANEX-1 treatment. In contrast, JANEX-1 directly suppressed the migration of neutrophil and macrophage toward IL-8 and MCP-1. Additionally, neutrophil and macrophage isolated from JAK3 KO mice showed similar migration potentials as the JANEX-1-treated cells. Together, these results suggest that suppressed migration ability of neutrophils and macrophages might explain the reduced number of these cells in JANEX-1-treated myocardium. Further studies are needed to investigate how JANEX-1 regulates the migration ability of neutrophil and macrophage.
In conclusion, the present study demonstrated that selective JAK3 suppression attenuated myocardial I/R injury via inhibition of macrophage-or neutrophil-related apoptotic injury of cardiomyocytes. Therefore, direct inhibition of the JAK3/STAT signaling pathway may be a useful therapeutic maneuver in reducing myocardial I/R injury.
